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COH+XCTINGENGINETESTSFORHUMIDITY.*

By DonaldB; Brooks.

.

Testsmadeby A. W. Gardinerllusinga one-cylinderengine

havingindicatedthatatmospherichumidityhasa veryappreci-

ableeffecton sohephasesof engineperformance,a testprogram

wasundertdcenat theBureauof Standardsfurtherto studythis
.

effect;usinga mul~icylinderengine.

TestApparatusandProcedure.-Testsweremadeon a SiX-
.? 7

cylinder,three-portoverheadvslveengineof 3-1/8inchbore.... .....
* \ and4-1/2inchstroke,coupledto a Spragueelectricdynamome-

,
terandsparkaccelerometer.Inthethreeseriesof tests,.

threedifferentfuelswereused,beingselectedso as to give

littleorno detonatiomatoptimumsparkadv~ceunderany”test

condition.

Powermeasurementsweremadeon thedynamometer,andfric-

tionmeasurementsby useof thespankaccelerometer,**thelat-

terbeingcheckedagainstfrictionmeasurementson thedymmom-

eter. Humidificationwasobtainedby passingsteamandcold

airintoa mixingchamber,andthenceto an airheater.MeasWe-

mentsofhumidityweremadeby continuouslyby-passinga p=t
*SeeJoimMl of theSocietyof AutomotiveEngineers,Februszy,

1929,p. 155.
**Met-hoddescribedinpaperby Brooks,“EconomicFuel-Volatility* andEngineAccelerationj’lpresentedat S.A.E.annua3meet-

ing,January,1929,andpublishedin theJunetssueof the ‘
S.A.E.Journal.<
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of thecarburetorairsupplyover

thermometersgraduatedto 0.2°F.

2.

calibrateddryandwetbulb

Measurementsofhumidityare

expressedaspressureofwatervaporinmm Hg.

Testsweremadeat fullthrottleat an enginespeedof 50@

R.P.M. Cylinderandmanifoldjacketswere-maintainedat the

sametemperature,thisbeingfrom60 to 80°Cin thedifferent

seriesof tests,butbei’ngconstantforanyoneseries.

In thefirsttwoseriesof tests,readingsweretakenat

from6 to 8 sparkadvancesforeachhumidityandair-fuelratio.

Fromtheresults,plottedagairrstsparkadvance,fairedvalues

ofmaximumpowerandOpti.mumi sparkadvancewereobtained.In

thethirdtestseries,optimumadvancewasfoundby trial.

TestSeriesNo.z.- Thetestsof thisseriesweremade

witha mixtureof twopartsofEasternDomesticAviatiomgaso-

lineto onepartof motorbenzol.A fixedcarburetoradjust-

mentwasused,givingan air-fuelratioof about13.59 Carbu-

retorairtemperaturewasmaitiainedat 30°C.

Optimumpowerandsparkadvanceweredeterminedathumidi-.
tiesfrom5.1mm Hg to saturation[31.9mm Hg). FiWe 1 shows

! theresults,plottedagainstwatervaporpressure.

TestSeriesNo.2---Thetestsof thisseriesweremade

witha mixtuxeof equalpartsof,EasternDomesticAviationgas-

olineandmotorbenzol.A seriesof 5 carburetormeteringjets

wereused,givingair-fuelratiosfromabout12 to about16.
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Carburetorairtemperaturewasmaintainedat 30°C.

Witheachair-fuelratio,optimumpowerandsparkadvance

weredeterminedat twohumidities,4.5and27 mm Hg,respect-

ively. Figure2 showstheresults,plottedagainstwatervapor

pressure.It isnotablethatwithorifice43 an apparentin-

creaseofpowerwith-humidityis shown. Thisistheleanest

orificeused;theappaxentincreaseinpowerseemsto be dueto

automaticenrichmentof themixtureathigherhumidities.

TestSeriesNo.3.- Thetestsof thisseriesweremade

witha commercialbrandof aviationgasolineapproximatelyequal

in antt-knockvalueto a mixtureof equalpartsofEasternDomes-

tic’Aviationgasolineandmotorbenzol.Forthisseriesof

teststhecarburetorwas equippedwitha needlevalve,andtests

weremadeovera rmge correspondingroughlyto air-fuelratios

of 9 to l?. Carburetorairtemperaturewasmaintai=dat41°U.

At twohumidities,correspondingto 13,4mm ~ and52.2

mm Hg,fuelcorr.sumption,power,andoptimum

ingsweretakenat 12 pointsovertherange

statedabove.Resultsareshownin Figures

spszkadvanceread-

of air-fuelratios

3 and4.

Discussionof Results.-ThetestsshowninFigure1 indi-

catea-linearrelationbetweenlossof powerandabsolutehmid-

ity;themoreextensivetestsby Gardineragreewiththis.

Moreover,ifthehumiditybe expressedasper centofbarometric

pressure,thelossofpowerinpercentis roughlyequalto the ---
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humidity.Fromthishasarisenthe‘Ioxygencontentll

statingthatthepowerisproportionalto theoxygen

unitvolumeof theatmosphere.

4

hypothesis,

contentof

To testthishypothesis,valuesof 10ssof maximumpower

fromthethreeseriesof testswereplottedagainstthe.loss

predictedon thebasisof theoxygencontenthypothesis.Fig-

ure 5 showstheagreementbetweenthemeasurementsandthehy- ,

pothesis,theweightedmeanobservedlossofpowerbeing101% ,

of thatpredicted.,.However,otherfactorsthandecreasein
\
oxygencontentmay affectthepower.

Figure6 summarizestheresultsin regardto vsxiationof

optimumsp~k advancewithhumidity.A decidedincreasein

sparkadvanceis seento be requiredwithincreasinghumidity.

Thisrateof increaseseemsto be a constant,irrespectiveof

thenmgnitudeof advance.Theuppercurveis themeanof obser-

vationsby Gardineron anotherengine,operatingat different

speedandcompressionratio,andwithgenerallydifferentoper-

atingconditions.Forallthesecurves,however,therequired

advanceis2.1°per cm Hg of watervaporpressurewithinthe

limitsof experimentalerror. On thebasisof curvespresented

in N.A,C.A.TechnicaJ.ReportNo*276(Reference1) andif the

progressof combustionis similarat allhumidities,thisrate
\

of increaseof

to 134of that

oxygencontent

sparkadvanceshouldentaila lossofpowerequal

dueto thedecreaseof oxygen;thatis,ifonly

andsparkadvanceaffectthepower,thelossof

— —
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.

powershould

.

.

gen comtentlt

1137of

hypothesis.

thatpredictedon thebasisof the‘oxy-

On the-basisof theBureauof Standardstests,whichshow

but101~ ~2.6~of thelOSSpredictedfromtheoxygencontent

hypothesis,thereis a 99.8%probabilitythatotherfactors
\
tendto compensateforthelossoccasionedby reduction.of oxy-

gen andincreaseof optimumsparkadvance.Suchotherfactors

may includelowerradiatio~.dissoeiatio~sadlesschangeof
i
specificheats,duetolowermaximumtemperatures.

In Figure4, it is seenthatthespecificfuelconsumption

curvesat thetwohumiditiesaredisplacedhorizontally,hut

havepracticallythesameminimum,Moreover,thishorizontal

displacementis equal,inper cent,to thepercentagediffer-

encein oxyge”ncontent.Thisindicatesthatfuelconsumption

as wellaspowershouldbe correctedforchangeinhumidity

sinoefuelconsumptiomisusedinpla?3e

hasbeendoneforTestSeriesNo.3, in

obtairredat thetwohumidityvaluesare

of air-fuelratio. This

Figure~. Theresults

seeutolieon thesame

curve,withinexperimentalerror.

HumidityCorrectionClhart.-Figure8 is a nomogramforob-

tainingwatervaporpressure(humiditycorrectionto baxometer)

fromwetanddrybulbandbarometerrea,dings~Figure8 is con:

struttedforunitsQf ‘C andmm Hg. Figure9 is a similarnomo-

gramforunitsof

To usethese

‘F andinchesHg.

charts,placea straightedgeso thatit inter.

.
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sectsthe t - t! scaleat thevalueof thedifferencebetween

wet anddrybulbreadings,andintersects*he ti scaleat the

valueof thewetbulbtemperature.At itspointof intersec-

tionof thetrue(corrected)barometervalue,readthehumidity

in theunitsshownon thes;fleat theextremeright.

Forconvenience,a barometertemperaturecorrectionnomo-

gramislocatedatthelowerrightof thechart. Touse this,

aligna straightedgethroughthecenter

at thebottomof thechart,andthrough

tureon theverticslscaleto theright.

of the smallcircle

thebarometertempera--

At itsitiersectior.

withtheobservedbarometerreading,readbarometercorrectiom-

on thesamescaleusedforhumiditycorrection.Thiscorreatiorr“

chartis forhalometerswithbrassscales.

Thehumiditychartsarebasedon Smithsonismv~ues*f’br

watervaporpressure,andon theformuladeducedby Professor”

Ferrel**

O.000367B(t - - 32t!) (1+ ‘;5yl ,e Set_ )

forEnglish.unitsinwhich

e = pressureof watervaporin in.Hg correspond-
ingto dryandwetbulbtemperatures,t ad t’
in ‘F,respectively.

B = truebarometricpressure,in.Hg.

ei= saturationwatervaporpressureat t~

sadon thes~e formulawithappropriateconstantsformetric
units.
*SmithsonianMeteorologicaltables.
XXAnnU~~epor~of thechiefSQYMLOfficer,1886,Appendix24,

‘pp.233-259.

-.

—
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It isto be notedtha%thesechsxtsassemblebarotietercor-

rectionssignificantin automotiveworkon onesheet,aresuffi-

cientlyprecisefortheirpurpose,andarelesslaboriousand

lessproductiveof errorsof computatiomthanpsychrometri,c

tablesor contourcharts.Otherbarometercorrectionsinclude

free-airaltitude,latitude,andcapillarity.Thefirsttwoof

thesetotsllessthan1 mm,whilethelatteris of theopposite

sign,andofmuchthesme magnit@e; hence,thesethreecor-

rectionsarenegligitieforautomotiveworkin thiscoudry.
.

In correctingengineperformmcedatato st~dardcondit-

ions, correctionsforbothhumidity~d ha,rometertemperature

areto be subtractedfromtheobservedbarometerreadingto give

airpressure.Observedpowerandcorrespondingfuelfloware

thenmultipliedby thepressurecorrectionfactor(stand&cd

pressure/airpressure),thusallowingforvariationsin atmos-

phericpressureandhtidity,

Co nc lus i o n s

1. Thisworkshowsdefinitelythatfailureto allowfor

theeffectof differencesin atmospherichumiditymayintroduce

errorsasgreataswouldbe occasioned

changesinbarometricpressure~Under

eithercorrectionmayamountto neszly

power.

by failureto allowfor;

extremeconditions,

10~ oftheindicated



N.A.C.A.TechnicalNoteNo.309 8

2. Underallatmosphericconditionsnormallyencountered

in automotivetesting,humiditymaybe al~o~edfOrbY deducting .....

the~bservedprefi.~~of~.tervaporfromthebar@$ic--pr.es=——--.-— ..
sureusedin thepowercomputations.

3* Dueto cancellationof opposingfactors,theproposed

correctionrepresentstheobservedeffectofhumiditywell

withintheusualprecisio~of

4. Incorrectingengine

powermeasurements.

performancedataat differentair-

fuelratios,thefuqlflowvaluesmustbe multipliedby the
. samecoefficientas thepowervslues.

, .-
. 5. Optimumsparkadvanceincreaseslinearlywithincreas-

,
inghumidity.

6. Chartsarepresentedfortheconvenientdetermination

of humidityvalues,

*
Re f e r enc e

1. Marvin,Jr.,ChsxlesF* : CombustionTimein theEngine
CylinderandXtsEffecton
EnginePerformance.(1927)
N.A.C.A.TechnicalReport-~o.
276.

.

,
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TheFerrel

viz.,

Appendix

Methodof Computationof Charts

formulaforcomputationof absolutehumidity,

e =et_ 0.00036~B(1+ ‘~=~732)(t- tr) (1)

reduces,fora selectedvalueof B, to

e =el-(a+btt)(t-tt) (2)

where a and b areconstantsderivedfromtheFerrelformula,
et is thevaporpressureof waterat t~, and e theabso-

lutehumidity,or water-vaporpressureat t, t~.

Withthisas a basis,thechartis constructedas follows:

Suitablescalesareselectedfor (t- ti) andfor (e), as

in Figuxe10. Letthelengthof oneunitof (t- t;) be m;

theverticallengthof oneunitof (e) be % andthehori-

zontaldistancebetweenthe (t- tt) and (e) scalesbe p.

The t1 scaleis thenlocatedby thefollowingconsiderations:

When (t- tt) is O, thevaporpressureisobviouslyei,

the saturatio~pressureat t:. When (t- t$) has ay other

value,thevaporpressureis

If a linebe drawnfrom O onthe (t-t~) scaleto et

. on the (e) scale,andanotherlinefromanyothervalueon

the (t- t!) scaleto thecorrespondingvalueon the (e)
. . .
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scaleasgivenby (2a),theintersectionof theselinesfixes

thepointcorrespondingto tlt on the (t~) scale. In termsof

of thescaledivisions,theequationsof theselinesare

n elf
Y=— x

P
(3)

and
n [elt-(a+btlr)(tl-tit)]-m(tl-tl’)~

y=m(tl-tl~)+ (4)
P-

Thesolutionforthepointof intersectiongives

x= pm
m+na+nbt~

Y= mnef
m + n a+ n b t!

(5)

wheresubscriptshavebeendropped,as thesolutionisgeneral,

givingthelocusof the t! scaleintermsof functionsof”t!.

It is to be notedthatthe solutionfor x andy doesnotcon-

tain (tl-tIf); hencetherequirementsof equation(2)~e

satisfiedby a line. Thisverifiesthechoiceof thenornogram~

Fromspecificvaluesof x andy from(5),the tr scaleis

constructed.
.

In subsequentlyconstructingscalesforvaluesat differ-

entbsxometricpressures,thefollowingconsiderationsapply.

Since xandy arenowtobe reg=dedas fixed,it is desired

~ to alter p so thatequation(1)shallbe satisfiedat some
.

●
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otherbarometricpfessure.Callingthenewbexometricpressure

h B, andletting

PI = value

Pa = value

then,from(3)

where

% = value

‘a = value

of p with B bezometricpressure,

of p with h B barometricpressure,

nl % (6)
~ ‘~

of n with B baxonetricpressure,

of n with h B barometricpressure.

Since x slsois tobe fixed,from(5)
.

pl m pz m-
m+nl (a+btl) = m+n=h (a+bti) (7)

Hence -
m pl+~h a pl+nahb t?pl-mpa-~a pa-nibttpa=O .=

m (P~-P2)= nlapa(l-h)+ nibt~pa(l-h)

m (P1-PZ?)= nlp2(a+btt) (1-h)

PI ‘P2=n~ (a+ bt’) (1-h)
Pa m

~=nl (a+ bt’)(1-h)+m
P2 m

mpl -
P2 = m+nl (l-h) (8)(a+btt)

..
whichdefinesPa> andhence % > in termsofknownquan~i-.

ties.
,

—u ———— — — —- —
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Figure11 is a chartfordeterminingh~idityin connec-

tiomwithhighaltitudetests,constructedon thebasisof (8).

Figures8 and9 arebasedon theSmithsonianTables,in which”

P2 cm be foundfromtherelation

P2=P1-k (~-h) (9)
.

in which k is a constantforvaluesof h nearunity,

Bureauof Stsndards,

June,1929.

.

*
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Fig.3 Effectof humidityon enginepower.
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Fig.4 Effectof humidityon engineperformance.
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@ Correctedforchangesin manifoldtemperature
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Fig.5 Sw&ary of humiditytests.
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@ TestseriesNo.1}
(3X1! II )-‘!2 6 Cylinderengineat 1600R.P.M.
+ II II 113

—. -–Onecylinderengineat 1000R.P.M.

30
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Fig.6

Watervaporpressure,mmHg.

Variationof optimumsparkadvancewithhumidity.
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o Observedat 13.4mm Hg.humidity
x Correctedfrom58.2to 13.4mm Hg.

4

,

5 6 7 8 ‘, 9
Fuelconsumption,lb./hr.

10

Fig.7 Effectof humiditycorrection.
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